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Abstract 

Background: Volatile Organic Compounds (VOCs) are organic compounds with high vapor 

pressure at room temperature released by plants, bacteria, archaea, fungi, and protists. Plants and 

microbes can produce VOCs as a means of communication (i.e., signaling and species 

interactions) or as a mechanism to ameliorate abiotic stress (e.g., isoprene with high 

temperatures). The majority of microbial VOC (mVOC) studies have focused on volatiles 

produced from soils, but recent evidence suggests that leaf litter can have greater VOC 

production, microbial biomass, and respiration rates adjacent soil. However, it is difficult to 

differentiate plant VOCs from mVOCs and identify the different mechanisms driving their 

release into the atmosphere. Thus, as part of an ecosystem-scale project at the Biosphere 2 

Tropical Rainforest (B2 TRF) that addressed the impact of drought on VOCs from soil and living 

leaves (i.e., Biosphere 2 Water, Atmosphere, and Life Dynamics: B2 WALD), I performed a 10-

day VOC experiment of leaf litter to: (i) quantify and identify VOCs produced by Clitoria leaf 

litter in B2TRF; (ii) examine the impact of moisture on litter VOC flux; and (iii) determine 

whether flux patterns can be used to distinguish plant VOCs and mVOCs. Methods: Leaf litter 

was collected from five individuals of Clitoria fairchildiana distributed across the B2 TRF. 

VOCs were continuously measured over a 10-day period from four replicate chambers and a 

control chamber using proton-transfer-reaction time-of-flight mass spectrometry (PTR-TOF-

MS). To examine the impact of moisture on VOC fluxes, leaf litter was wet after seven days to 

simulate a rainfall event. VOCs were identified by comparing each mass to a reference database 

and flux calculations were performed to examine change in VOC abundance over time, after 

accounting for the control. Results: In total, 304 VOCs were identified across all four replicate 

chambers. Wetting altered the flux of 35% of litter VOCs. Among VOCs emitted after wetting, 
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72 decreased to pre-wetting levels within 24 hours, while 25 sustained higher production with 

increased moisture. Conclusions: Leaf litter represents a significant source of VOCs yet even 

with high resolution real-time data it is difficult to differentiate plant-derived VOCs from 

mVOCs due to shared metabolic pathways, as well as limited information on mVOCs. In 

addition, although I hypothesized that wetting would stimulate mVOC production, strong fluxes 

of VOCs after wetting were likely plant-derived VOCs whose release from the leaf surface was 

amplified by Henry’s law. Future work is needed to identify mVOCs from microbial cultures and 

link to leaf-level measurements.  
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Introduction 

The carbon cycle is central to life on Earth, as carbon forms the building blocks of the 

living world. A multitude of biogeochemical processes is responsible for carbon cycling between 

the atmosphere, land, living organisms, and oceans (Prentice et al., 2001). Autotrophs (e.g., 

plants and algae), drive the carbon cycle by removing CO2 from the atmosphere through 

photosynthesis and converting it to stored carbon. Carbon stored in plant biomass can be released 

into the atmosphere through decomposition and burning. In addition, plants also release carbon 

as volatile organic compounds (VOCs) (Spinelli et al., 2011). Plants can produce VOCs either 

constitutively or facultatively in response to biotic and abiotic stress (Holopainen et al., 2018). 

Previous studies have demonstrated that the benefits of VOC production to plants during times of 

stress, despite the costs of losing critical carbon (Spinelli et al., 2011). For instance, plants under 

abiotic stress produce excess reactive oxygen species that cause cell damage and death (Apel & 

Hirt, 2004), which initiates a signaling cascade that stimulates the production of VOCs such as 

isoprene and terpenoids that promote thermotolerance (Spinelli et al., 2011). VOC emissions 

mitigate stress and allow plants to continue photosynthesizing and generating carbon. 

The quantity and type of VOCs released to the atmosphere can have a significant impact 

on climate (Holopainen et al., 2018). For example, it is estimated that non-methane VOCs 

produced by plants (primarily isoprene and monoterpenes) have an emission rate of about 1,150 

Tg of carbon to the atmosphere each year (Marmulla & Harder, 2014). Once in the atmosphere, 

VOCs can react with ozone and other human-made fuel emissions to form secondary organic 

aerosols (SOAs) that influence the amount of light and heat that reaches the Earth's surface 

(Holopainen et al., 2018). SOAs serve as cloud condensation nuclei (CCN) and provide a surface 
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for water vapor to condense and form droplets or ice particles (Tani & Mochizuki, 2021). CCN 

can scatter or absorb shortwave radiation in the atmosphere which affects cloud properties and 

the planetary energy budget. The type of SOA determines whether there is scattering, which has 

a cooling effect on climate, or absorption, which has a warming influence (Shrivastava et al., 

2017). 

Although the majority of research has focused on plant-derived VOCs, there is an 

increasing interest in understanding the contribution of microbial VOCs (mVOCs) to global 

emissions. Microorganisms such as bacteria, archaea, fungi, and protists which inhabit soil, 

rhizosphere, and phyllosphere release VOCs for chemical communication and interactions with 

other organisms (Weisskopf et al., 2021). To date, research on mVOCs has primarily focused on 

bacterial and fungal communities in soils (Weisskopf et al., 2021). This work demonstrates that 

soil VOCs vary across ecosystems and are affected by plant species, microbial community 

composition, and environmental conditions (Mäki et al., 2019). For example, a previous study 

found that terpene and monoterpene concentrations were higher in organic soil layers and litter 

samples compared to the mineral soil layer, likely as a result of differences in microbial 

communities in different soil layers (Mäki et al., 2019). In addition to producing VOCs, 

microbes can also consume plant VOCs as a source of carbon. Thus, microbial metabolism may 

prevent certain plant-derived VOCs from being released to the atmosphere or transform plant 

VOCs into different volatile compounds (Bringel & Couée, 2015). 

Previous studies suggest that leaf litter also represents a significant source of VOC and 

CO2 emissions and the quantity and type of VOCs can vary among plant species (Gray et al., 

2010). For example, Leff and Fierer (2008) demonstrated that litter has greater microbial 

biomass, VOC production, and respiration rates compared to soils. In addition, this same study 
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found that increased microbial biomass in leaf litter is positively associated with VOC 

production, suggesting that VOC production in litter is primarily the result of microbial activity 

rather than plant-derived VOCs released during decomposition of plant cell walls (Leff & Fierer, 

2008). Further supporting the importance of mVOCs in litter, a later study concluded that 

microbial-driven decomposition was responsible for 78 to 99% of VOC emissions in leaf litter 

and the types of VOCs produced differed over time as decomposition progressed (Gray et al., 

2010). These findings demonstrated the significance of VOC emissions from litter and the 

importance of including litter in global VOC emission models, especially in tropical rain forests 

after the dry season where large amounts of litter falls and is then decomposed during the wet 

season. However, to date litter VOCs have not been extensively studied in tropical rainforest 

ecosystems (Yáñez-Serrano et al., 2020). 

In leaf litter, VOCs may be derived from the decomposition of plant cells that results 

from photo- or thermal degradation (Lee et al., 2012), as well as the activity of microbial 

enzymes that degrade lignocellulose, thereby releasing more plant-derived VOCs (see Fig. 1). In 

addition, litter VOCs may be directly produced by litter microbial communities. Environmental 

conditions such as temperature and humidity can both directly (through abiotic factors) and 

indirectly (via the impact of the environment on microbial metabolism) alter the rates of 

decomposition. In addition, environmental factors can influence the volatility of molecules 

produced during cell wall degradation (Weisskopf et al., 2021). Although previous studies 

suggest that microbes are the primary source of VOCs in litter, some metabolic pathways for 

VOCs are shared between plants and microbes (Kai et al., 2009), thus making it difficult to 

distinguish the source or mechanism of VOC release. For example, ɑ-pinene and methanol are 

frequently emitted mVOCs, but they can also be produced by plants (Kanchiswamy et al., 2015). 
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Thus, in cases where metabolic pathways are not unique to microbes, compound identity alone is 

not sufficient to determine the source or the mechanism of VOC generation from leaf litter.  

 In this study, I used high sensitivity Proton Transfer Reaction Time-of-Flight Mass 

Spectrometry (PTR-TOF) to examine VOCs from fresh leaf litter of Clitoria fairchildiana in the 

Biosphere 2 Tropical Rainforest (B2TRF) over a 10-day period. The goals of my research were 

to: (i) identify and quantify plant and microbial VOCs from Clitoria leaf litter in B2 TRF; (ii) 

examine the impact of moisture on litter VOC flux; and (iii) determine whether flux patterns 

over time and/or in response to moisture can be used to distinguish plant VOCs and mVOCs. 

This research was conducted in association with the Biosphere 2 Water, Atmosphere, and Life 

Dynamics (B2 WALD) campaign, which performed an ecosystem-scale, fully controlled study in 

the B2 TRF with the goal of tracking water and carbon movement in a tropical forest system 

under drought (Werner et al., 2021). Although the WALD experiment measured VOC fluxes 

from the soil, atmosphere, and plant leaves prior to, during, and after a simulated drought period 

of 3 months, VOCs from leaf litter were not routinely measured as a part of the larger campaign 

effort. Thus, my work on litter VOCs can contribute to a greater understanding of the various 

contributors to global VOC emissions at the B2 TRF and their impact on carbon cycling, 

atmospheric chemistry, and climate change.  

Methods 

Sample collection and preparation. Freshly fallen, slightly yellow to light brown leaves were 

collected from the ground near five individuals of Clitoria fairchildiana in different areas of the 

Biosphere 2 Tropical Rainforest. After collection, leaves were weighed and randomly subset into 

four replicates, each weighing 2 grams, which was equivalent to ca. 2 leaves. Leaf litter samples 

https://docs.google.com/document/u/0/d/1tuHvM5EQ3UMuzJtIfBC3Fwz63BbiSJAe60gTLHVVogs/edit
https://docs.google.com/document/u/0/d/1tuHvM5EQ3UMuzJtIfBC3Fwz63BbiSJAe60gTLHVVogs/edit
https://docs.google.com/document/u/0/d/1tuHvM5EQ3UMuzJtIfBC3Fwz63BbiSJAe60gTLHVVogs/edit
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were immediately distributed into four sterile 1-L PFA flow-through incubation chambers (4.24” 

diameter, 6” height, 100-1000-01, Savillex, Eden Prairie, MN, USA). One additional chamber, 

containing no litter, was used as a negative control. Relative humidity and temperature were 

measured in each chamber using iButton loggers (Maxim Integrated Products, Inc. Button 

Hygrochron iButton® temperature/humidity logger (DS 1923-F5, iButtonLink, LLC, WI, 

USA)). Teflon tape was wrapped around the threads of the jars to create an airtight seal.  

 The number of leaves per chamber was recorded and each chamber was weighed before 

and after the experiment to measure the reduction in litter biomass over the time interval (see 

Table 1). After one week of the experiment, leaf litter in each chamber was wet with ca. 15 ml of 

double-distilled water. Water was applied with a spray bottle to samples in each chamber, as well 

as the control chamber. iButtons were removed during wetting and hung inside the chambers 

using Teflon tape to prevent water damage. iButton temperature and humidity loggers recorded 

the temperature and relative humidity of each chamber every 10 minutes. For each chamber, the 

average and standard deviation for both temperature and relative humidity were calculated for 

the entire duration of the experiment, before and after hydration.  

Instrumentation. I used a Proton Transfer Reaction Time-of-Flight Mass Spectrometer (~80 

sccm Ionicon Analytic, 4000 ultra PTR-TOF-MS) to measure VOC concentrations in each of the 

chambers. The PTR-TOF-MS was kept in a climate controlled cool room inside the B2 TRF 

mountain at 25°C to ensure optimal instrument functioning (Fig. 2). Incubation chambers and 

valves were kept in a warm room which was not climate controlled, allowing temperature and 

humidity to fluctuate naturally as it does inside the TRF (Fig. 2). Instead of using a controlled 

gas mixture or VOC-free air, TRF ambient air was drawn through a buffer volume that was hung 

on an external wall of the mountain with an inlet port open to the atmosphere (Fig. 2). The buffer 
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volume is a ~0.5 m diameter spherical frame covered with Fluorinated Ethylene Propylene (FEP) 

film, a chemically inert and thermally stable plastic. This setup allowed the litter chambers to 

experience the same atmospheric conditions as inside the B2 TRF. Sampling lines were 

connected to the buffer volume to incubation chamber inlet ports, and chamber outlet ports were 

connected to a 6-port flow-through valve (V5; Valco Instruments Co., Inc, Houston, TX, (VICI), 

¼” EUTB-2VLSF6MWE2) in the warm shed with flow-through rates controlled by rotameters 

connected to a vacuum manifold and pump. The sampling stream selected by the valve flowed 

through a loop into the cold room where two analyzers could subsample by Tee connections 

before being drawn through a rotameter to vacuum. 

Incubation flow-through rates and the sample stream return rate were set to 0.17 LPM by 

setting rotameters on the outflow control. The following calculation was used to determine the 

molar flow (u) in mol/s. 

𝑢𝑢 = 𝑉𝑉
𝑡𝑡
∗ 𝑝𝑝
𝑅𝑅∗𝑇𝑇

       (1) 

In Equation (1), the flow rate, V/t, was converted to m3/s. P is the pressure inside Biosphere 2 

which was 88440 Pa and an average temperature, T, of 30०C was used. R is the ideal gas 

constant, 8.3144621 m3 Pa K-1 mol-1. 

Litter exchange with ambient TRF air supplied by the buffer volume was measured with 

a VOC analyzer (~80 sccm Ionicon Analytic, 4000 ultra PTR-TOF-MS) and CO2 and CH4 

isotope analyzer (~35 sccm, Picarro G2201-i) and external pump (Vacubrand: MD 1 VARIO SP, 

PUMP-8) by subsampling a continuously flushed sampling loop. A custom LabView program 

(version 2015) was used to control sampling valve switching to measure each litter chamber 

separately for 10 minutes, with a 5-minute control chamber measurement bracketing every 

sample. 
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VOC data processing and flux calculations. Data were processed and analyzed using the Igor 

software (Igor Pro 7). A custom algorithm (Aerodyne Research, Inc.) using a file containing the 

start and end times for valve switching between chambers derived a time series of concentrations 

for each detected compound for every chamber. For the control chamber, two minutes prior to 30 

seconds before the end time (150-30 seconds before end time) for each five-minute measurement 

period was averaged. The chambers that contained litter took an average of the last four minutes 

prior to 30 seconds before the end (270-30 seconds before end time) of each ten-minute 

measurement period. This processed data for each chamber containing the average, standard 

deviation, and true-time for each measurement period.  

Data for the control chamber and a litter chamber were used to interpolate the time data 

for the control chamber onto the timestamp of each litter chamber so that the control 

measurements were near the litter chamber measurements. An R script was used to calculate the 

flux of each VOC for each measurement period using the following equation (Meredith et al., 

2019). 

𝐹𝐹𝑉𝑉𝑉𝑉𝑉𝑉 = 𝑢𝑢
𝑆𝑆

(𝑐𝑐0 − 𝑐𝑐𝑖𝑖)       (2) 

In Equation (2) FVOC is the flux for each VOC using the molar flow (u), chamber surface area 

(S), and VOC concentration in the control (c0) and litter (ci) chamber. The flux is expected to be 

zero in the control chamber for every VOC since the flux calculation subtracts the concentration 

in the control chamber. A positive flux value indicates VOC emission, and a negative flux value 

indicates VOC uptake. Flux comparison plots were created to assess variation between chamber 

fluxes. A heatmap was produced to identify VOCs with common flux profiles. All scripts and 

analyses were performed in R Studio Cloud version 4.0.3 (2020-10-10).  
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Assignment of VOCs to chemical categories. VOCs were assigned to higher-order 

classifications according to GLOVOCS (Yáñez-Serrano et al., 2021). GLOVOCs was developed 

for PTR-MS users with the goal of assisting in the analysis and interpretation of PTR-MS 

spectra. VOCs were assigned a name if the mass matched within 0.01 of a GLOVOCS reference. 

If the mass was not an exact match, the GLOVOCS mass for the named compound is listed. If 

more than one reference is within 0.01 of the mass, the closest mass is used. Although some 

masses have many names, the most likely compound identity was selected.  

 

Evaluation of VOC response to wetting.  I manually examined flux plots to identify compounds 

that demonstrated significant increases or decreases from zero in response to wetting. 

Compounds were labeled as responding to wetting if there was a notable change in the flux 

around day seven (the day of wetting). The heatmap was also used to identify groups of VOCs 

with wetting response flux patterns. While the VOC analysis method used in this experiment can 

track production and uptake, previous VOC experiments only measured cumulative emissions of 

VOCs. To make comparisons with prior VOC emission data, I calculated total emission fluxes 

for each compound over the 10-day period, as well as before (i.e., the average flux on day 4) and 

after wetting (average flux on day 8). Negative values, representing uptake, were rounded to zero 

and all production values were summed for each compound over the experimental time interval. 

This was done for each litter chamber and then averages of all chambers were recorded.  

 

Determination of deposition velocity for VOCs with diurnal patterns. A subset of VOCs 

changed in concentration following a diel pattern. To assess the sources of this variation, a 
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concentration-independent flux known as the deposition velocity (vd) was calculated by dividing 

the negative flux by concentration as shown in Equation (3). 

𝑣𝑣𝑣𝑣 = − 𝐹𝐹
[𝑉𝑉𝑉𝑉𝑉𝑉]

      (3) 

Similar to the flux plots, deposition velocity was plotted for each compound with chambers on 

the same axes differentiated by color. Daily variation was also assessed using hourly plotting. 

For each compound, a plot was made which showed flux with hour-of-day on the x-axis and day 

of the experiment in varying colors. These plots revealed if the diel pattern was occurring at the 

same time of day for various compounds. 

Results 

VOC composition from Clitoria leaf litter. Overall, a total of 304 compounds were detected in 

all replicate litter chambers and the control over the 10-day period. Although all VOCs were 

detected in the control chamber, the concentration of VOCs was typically very low in the 

control, whereas litter chambers had higher fluxes. For example, methanol has consistently lower 

concentrations in the control due to its absence from the atmosphere of B2, but significantly 

higher emissions in the litter chambers. Compounds such as isoprene, that are naturally abundant 

in the atmosphere of the B2 TRF (Taylor et al., 2018), were also abundant in the control 

chamber. However, after flux calculations that accounted for the abundance in the control, 

isoprene emissions were also noted from leaf litter chambers.  

 Calculation of cumulative emissions demonstrate that methanol was the most highly 

produced litter VOC, present in 5X greater abundance than the next highest emitted VOC, 

acetaldehyde. Acetone, acetic acid, isoprene, aminoacetonitrile, cyclohexene, butanal, and 
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methyl acetate were also detected in high amounts in the litter. In total, 130 out of 304 VOCs 

demonstrated significant flux patterns (i.e., average flux values greater than or less than zero). 

The remaining 174 VOCs that did not have appear to change either had mean flux values near 

zero or erratic levels that did not fit a trend line over the 10-day period. Overall, the number of 

VOCs that had significant flux were similar among replicate chambers (Table 2). VOCs were 

clustered by flux patterns using hierarchical clustering and their mean daily abundance is shown 

in the heatmap (Fig. 3). 

 

 

Impact of moisture on litter VOC flux. Average temperature in all chambers was 30 ℃ (± 

 1.5 ℃), with minimal variation among chambers or over the 10-day experiment. In contrast, the 

relative humidity of the chambers oscillated daily between 40-80%, with a mean of 59% in all 

chambers. After wetting, mean relative humidity was 87% (± 8%) in all chambers (Fig. 4). 

Moisture content in the chambers remained high after the wetting and did not return to the pre-

wetting average level by day 10.  However, humidity of the control chamber decreased more 

sharply due to the lack of litter (Fig. 4).  

 Changes in humidity were associated with significant changes to VOC total emissions. 

Among the 130 compounds with mean flux values different from zero, visual inspection of flux 

plots indicated that 98 VOCs responded to wetting (i.e., change in abundance on day seven of the 

experiment). The number of VOCs that responded to wetting were similar among replicate 

chambers (Table 2). Overall, methanol had the largest flux both before and after wetting (Fig. 5). 

Emissions of acetaldehyde and acetone also increased after wetting. Among these 98 compounds 

that showed significant flux changes after wetting, the majority increased by an order of 
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magnitude following the wetting (Fig. 5). However, the compound cyclohexene increased 

approximately 30X after wetting. Prior to wetting, it was the 17th most abundant VOC from 

litter, but after wetting was the 6th most abundant VOC.   

 Among the 98 VOCs that changed in response to wetting, 25 VOCs peaked with wetting 

but continued to have increased emissions in the following days, which is visible in the heatmap 

(Fig. 3). On the flux plot, this pattern looks like an increase in emission on day seven and a 

gradual decline (Fig. 6a). For example, fluxes of the VOC monoterpene have peak emissions 

following wetting and its abundance declines gradually in concert with humidity level (Fig. 6a). 

Acetone and isoprene also follow this emission pattern (Fig. 6a), but the flux pattern for dimethyl 

sulfide indicates significant uptake after wetting (Fig. 6b).  

 In contrast to the gradual decline of some VOCs after wetting, 72 of 98 VOCs had high 

emissions on day seven following wetting, but their levels quickly reverted to pre-wetting levels. 

On the flux plots for these compounds, this appears as a large peak of emission and quickly 

declines to pre-wetting levels (Fig. 6c). For example, VOCs such as methanol and acetaldehyde, 

which were the highest emitted compounds after wetting, showed this pattern of sharp increase 

with wetting followed by a rapid decrease.  

 

Diurnal flux patterns. Examination of flux plots revealed that the flux patterns of 13 VOCs 

displayed a strong diurnal pattern on each day, although not after wetting. For example, the flux 

by hour plot for 2-Hydroxyethyl propyl sulfide (m/z 121.077) indicates that emissions of this 

VOC peak at the same time in the afternoon every day, highly correlated with the same time 

humidity is peaking in the chambers (Fig. 7b). Flux by day plots indicate diurnal fluxes on each 

day up until the day of wetting (Fig. 7a), when wetting disrupts this diurnal variation in humidity 
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(Fig. 4). The deposition velocity and control concentration for this VOC show that fluctuations in 

the concentration of this compound in the B2 TRF atmosphere also are occurring but are not 

sufficient to drive the diurnal pattern inside the litter chambers (Fig. 7c). Thus, diurnal patterns 

appear due to changes in relative humidity fluctuation in the B2 TRF atmosphere. 

 

   

Discussion 

 This study aimed to identify leaf litter VOCs derived from plant cell decomposition vs. 

VOCs that are produced by microbes. Specifically, I compared fluxes before and after wetting, 

as I hypothesized that mVOC production would increase with humidity as moisture can activate 

bacterial and fungal metabolism (Cortez, 1998). Overall, I observed that fluxes of 98 VOCs were 

significantly altered in response to wetting. Consistent with mVOC production as the result of 

increased microbial metabolic activity in moist environments, I observed that the abundances of 

25 VOCs were correlated with humidity levels, whereby they peaked with wetting followed by a 

slow decline. This pattern may reflect mVOC production while humidity remains high. VOCs 

with mVOC-like flux patterns include acetone, isoprene, and monoterpenes. Although these 

VOCs are known to be produced by living leaves, microbes also have metabolic pathways for 

production of these VOCs (Bäck et al., 2010).  

 Differences in wetting response among chambers may also indicate production of 

mVOCs due to differences in the microbial communities among litter samples. For example, the 

VOC methanethiol, which is an odorous compound known to be produced by bacteria (Roslund 

et al., 2021), displays distinct flux patterns among chambers after wetting (Fig. 6d). Chamber 
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two had a single peak in response to wetting and then began to decline, whereas the remaining 

chambers had two peaks after wetting. This suggests that the microbes that produce methanethiol 

differed among chambers. Similarly, cyclohexene displayed the highest peak in chamber 2 (Fig. 

6d). Cyclohexene was also produced by 13 out of the 15 fungi isolated from Clitoria in the B2 

TRF (U'Ren & Meredith, unpublished data) and another study observed cyclohexene production 

by an endophytic fungus, Gliocladium roseum (Strobel et al., 2008). Monoterpenes (Fig. 6a) also 

show some variation in response between the different chambers, which is consistent with 

differences in microbial communities generating slightly different responses to wetting. 

Monoterpenes were also observed to be produced by fungal cultures from B2 TRF (U'Ren & 

Meredith, unpublished data).  

 In contrast to mVOCs with sustained emissions after wetting, I observed that 72 VOCs 

peaked with re-wetting, but their abundance rapidly declined, inconsistent with mVOC 

production while humidity is high. Instead, this flux pattern is consistent with Henry’s law, 

which states that a gas dissolved in a liquid reaches an equilibrium with the surrounding 

headspace in proportion to its partial pressure, thus resulting in a pulse of VOC emission when 

water is introduced (Warneke et al., 1999). For example, a previous study attributed partially 

oxidized VOCs from decaying biomaterials to non-enzymatic thermochemical Maillard reactions 

(Warneke et al., 1999). In this study methanol, acetaldehyde, and acetone were among the most 

abundant compounds from plants (Warneke et al., 1999). The authors also noted that methanol 

and acetone emissions were higher by more than an order of magnitude in a wet environment, 

similar to my observations. Thus, Henry's law may explain the emission peak of VOCs such as 

methanol and acetaldehyde, whereby these VOCs were being emitted during the entire time 

interval but stuck to the solid structure of the leaf material and evaporated at a lower rate until 



 
 

 19 

water was introduced. When water hit the leaf surface, these VOCs dissolved and water 

molecules replaced the VOC molecules. The sharp decline after reaching a peak flux is 

consistent with a limited supply of VOCs on the leaf surface and no continued high production of 

the compounds.  

 The diurnal flux patterns observed in some compounds, such as 2-Hydroxyethyl propyl 

sulfide (m/z 121.077) (Fig. 7), can be attributed to relative humidity fluctuation in the B2 TRF 

atmosphere and Henry's law. Before the wetting, relative humidity inside the chambers was 

controlled by humidity levels in the B2 TRF atmosphere. Several compounds, including 

methanol, acetaldehyde, acetone, cyclohexene, and 2-Hydroxyethyl propyl sulfide, had high 

emissions at high humidity and low emissions at low humidity, but the diurnal patterns were 

disrupted after wetting. This suggests that the saturation of the air with water vapor could be an 

inhibitor to the evaporation of these compounds due to their volatility. Since Henry’s law 

dictates gas dissolved in a liquid reaches an equilibrium with the surrounding headspace in 

proportion to its partial pressure, that also could prevent VOCs from being emitted depending on 

the compound. 

 I observed that methanol was the most abundant VOC both before and after wetting. A 

previous study of VOCs from different types of leaf litter also found methanol accounted for 

~90% of maple litter emissions, but only ~30% of pine litter emissions (Ramirez et al., 2010). 

Plants can produce methanol due to the hydrolysis of methyl esters of pectin and other cell wall 

carbohydrates (Dewhirst et al., 2020) and differences among species may be due to differences 

in cell wall composition among species. Thus, the origins of methanol from Clitoria leaf litter 

likely represent the breakdown of cell wall materials due to abiotic processes (e.g., heat, water). 

For example, previous study demonstrated that methanol emissions from an agricultural field 
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during a heatwave were correlated with sensible heat flux (Schade & Custer, 2004). In addition, 

heat may also stimulate microbial enzymes that contribute to the decomposition of plant cells. 

Thus, methanol production from Clitoria litter appears to be due to chemical reactions prompted 

by the wetting response. 

 Because humidity can activate plant VOCs and mVOCs, it can be difficult to identify the 

source and the mechanism of VOC production. Here, although some VOC flux patterns clearly 

appear to be plant-derived or microbially produced, the flux patterns of other compounds suggest 

combined production of both plant VOCs and mVOCs. For example, plants and microbes may 

produce the same VOCs (i.e., methanol, isoprene). For example, previous work noted a 

correlation between CO2 and methanol emission rates, suggesting that microbes may be 

responsible for a portion of methanol production (Ramirez et al., 2010). Cyclohexene, for 

example, appears to have the peak associated with Henry’s law, but cyclohexene also is known 

to be produced by microbes. In this experiment, I observed a significant difference in 

cyclohexene flux in chamber 2, which may be due to differences in microbial community 

composition among chambers. Furthermore, the magnitude of increase after wetting was 30X in 

cyclohexene compared to 10X for all other major compounds, suggesting that flux patterns for 

this compound reflect both mVOCs and the effects of Henry’s law.  

 Lastly, the real-time, high resolution VOC data I generated can were able to identify 

VOCs that may be consumed by microbes as carbon sources.  For example, while the VOC 

dimethyl sulfide appears to be plant-derived, humidity appears to have activated microbial 

metabolism, thus driving strong uptake patterns of this VOC. This is consistent with previous 

research that shows that dimethyl sulfide can be used as a carbon and energy source by some 

bacterial species and supports the growth of methylotrophic bacteria (Taylor & Kiene, 1989).   
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Conclusions 

The aim of this study was to characterize VOC emissions from leaf litter of Clitoria 

fairchildiana in the B2 TRF, quantify the impact of wetting on VOC production, and assess 

whether high resolution Proton Transfer Reaction Time-of-Flight Mass Spectrometry time series 

data could be used to differentiate VOCs derived from plant cells vs. mVOCs. Past studies of 

litter VOCs used mass spectrometry methods that could identify compounds, but were unable to 

examine flux patterns (e.g., Veres et al., 2014). In contrast, the PTR-TOF-MS used for this 

experiment has high time resolution, sensitivity, and molecular specificity, which allows the real-

time tracking of VOC production and uptake from litter.  

 Overall, I found that litter appears to represent a significant source of VOCs in the B2 

TRF, which suggests that future studies should include litter in ground-level VOC measurements 

at the Biosphere 2 TRF. I found that the majority of VOCs with significant flux patterns appear 

to be plant-derived, resulting from decomposition of cells and release of VOCs after wetting due 

to Henry’s law. Although microbial biomass increases in litter with decomposition, it was still 

difficult to identify microbial VOCs from litter. However, the 10-day time frame of the 

experiment may have limited the observed variation in VOC emission profiles as types of VOCs 

emitted are known to differ over time as decomposition progresses (Gray et al., 2010). 

Therefore, future studies should measure VOC production over a longer incubation period that 

would allow for greater total litter decomposition and microbial biomass accumulation; thus, 

enabling better identification of mVOCs. Additional experiments would help to identify 

microbial sources of VOCs. For example, comparisons of sterile vs. non-sterile leaves could 

better identify plant VOCs vs. mVOCs. Lastly, future work to further characterize mVOCs from 
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microbial cultures under various substrate and environmental conditions using the same 

methodology.    
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Tables 

Table 1. Number of Clitoria leaves and their initial 

and ending weight from each replicate chamber.  

Chamber 

ID 

No. of 

Leaves 

Initial Litter 

Wet Weight (g) 

Final Litter 

Weight (g)* 

1 2 2.0 0.8 

2 2 2.0 0.9 

4 2 2.1 0.8 

5 2 2.0 0.8 

* Litter was weighed after being removed from the chambers after 14 days.   

 

Table 2. Total VOC abundance and VOCs with significant flux for each replicate leaf litter 

chamber.  

Chamber 

ID 

Total  

VOCs 

VOCs with 

significant flux 

VOCs with flux in 

response to wetting 

1 304 123 107 

2 304 130 112 

4 304 129 111 

5 304 116 97 
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Figures and Legends 
 
 
 

 
Figure 1. Diagram of the potential sources and mechanisms of VOCs from leaf litter. Unlike 

living leaves, where living plant metabolism drives VOC release, VOCs in leaf litter can be 

produced both from the decomposition of dead plant cells (i.e., plant-derived VOCs), as well as 

from microbes that live on and inside litter (mVOCs). Environmental conditions such as 

temperature, UV radiation, and humidity can both directly (through abiotic factors) and 

indirectly (via the impact of the environment on microbial lignocellulosic enzyme production) 

alter the rates of decomposition and the release of plant-derived VOCs, as well as mVOC 

production.  
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Figure 2. Instrumentation set up in the B2 TRF mountain. The VOC analyzer was kept in a 

cool room at 25°C and connected to the sampling valve and pumps with the litter chambers at 

30°C in the warm room. The warm room was not climate controlled and experienced the same 

temperature fluctuations as the B2 TRF itself. 
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Figure 3. Leaf litter VOCs have dynamic flux patterns over 10-day experiment. Each 

column represents the daily averages for a VOC, averaged across all four replicate leaf litter 

chambers, over each day of the experiment (row). The scale on the right shows VOC fluxes, 

ranging from emission (red values) and uptake (blue values). Zero values indicate no significant 

flux. Hierarchical cluster of VOCs (top) was performed using Euclidean distance with pheatmap 

in R.  
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Figure 4. Relative humidity in the litter chambers over a 10-day experimental period.  

Colors correspond to different chambers (see legend). Humidity for the empty control chamber 

(black) decreased more rapidly than litter chambers. Temperature and humidity were measured 

with iButtons.  
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Figure 5. Numerous VOC showed increased emissions after wetting. Bars correspond to the 

average flux of the most abundant VOCs on day four before wetting (blue) and on day eight after 

wetting (orange). VOCs are ordered according to their abundance after wetting.  

 

  

a.  



 
 

 29 

b.  

c.  
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d.  

 

Figure 6. Flux patterns may have the potential to identify the source of litter VOCs. Flux 

plots were produced for each VOC over the entire time interval with each litter chamber plotted 

on the same axes represented by different colors. The dots represent each data point, while the 

line illustrates the average trend over time. (a) Due to increased emissions at the wetting time, 

followed by a slow decline while chamber conditions remained humid, acetone, isoprene, and 

monoterpenes were hypothesized by be produced by microbes after wetting stimulated microbial 

metabolism and mVOC production. (b) Flux patterns of dimethyl sulfide are consistent with 

microbial uptake of a plant VOC following wetting. (c) Due to increased emissions after wetting, 

followed by a sharp decline to pre-wetting levels, fluxes of methanol and acetaldehyde appear 

more consistent with plant-derived VOCs released from the leaf surface by water following 

Henry's law. (d) In contrast to most compounds that had consistent flux patterns among 

chambers, flux patterns for methanethiol and cyclohexene differed among chambers after 

wetting, potentially reflecting differences in VOC production by different microbial communities 

in each leaf.   
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a. 
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c. 

 

 

Figure 7. Diurnal cycles of 13 VOCs are correlated with the relative humidity of intake air 

from the B2 TRF.  Flux plots follow Fig. 6. (a) Flux of 2-Hydroxyethyl propyl sulfide (m/z 

121.077) follows a diurnal flux profile. (b) Flux by hour-of-day for 2-Hydroxyethyl propyl 

sulfide, humidity and acetone is shown with hour on the x-axis and day of the experiment as a 

line on the plot in different colors for each day. (c) Deposition velocity (i.e., concentration-

independent flux) and the control concentration (representing atmospheric concentration) of 2-

Hydroxyethyl propyl sulfide.  
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